The tuatara (Sphenodon punctatus) is of ''extraordinary biological interest'' as the most distinctive surviving reptilian lineage (Rhyncocephalia) in the world. To provide a genomic resource for an understanding of genome evolution in reptiles, and as part of a larger project to produce genomic resources for various reptiles (http://evogen.jgi.doe.gov/second_ levels/BACs/Our_libraries.html), a large-insert bacterial artificial chromosome (BAC) library from a male tuatara was constructed. The library consists of 215 424 individual clones whose average insert size was empirically determined to be 145 kb, yielding a genomic coverage of approximately 6.3Â. A BAC-end sequencing analysis of 121 420 bp of sequence revealed a genomic GC content of 46.8%, among the highest observed thus far for vertebrates, and identified several short interspersed repetitive elements (mammalian interspersed repeat-type repeats) and long interspersed repetitive elements, including chicken repeat 1 element. Finally, as a quality control measure the arrayed library was screened with probes corresponding to 2 conserved noncoding regions of the candidate sex-determining gene DMRT1 and the DM domain of the related DMRT2 gene. A deep coverage contig spanning nearly 300 kb was generated, supporting the deep coverage and utility of the library for exploring tuatara genomics.
The tuataras of New Zealand are the last representatives of a reptilian lineage known as sphenodontids that was contemporaneous with early dinosaurs, around 220 million years ago, justifying their designation as ''living fossils.'' Two closely related tuatara species (Sphenodon punctatus and Sphenodon guntheri) are the only surviving members of the order Rhynchocephalia (Rest et al. 2003) and are usually placed phylogenetically as a sister taxon to lizards and snakes (Squamata). This placement is supported by a number of morphological traits, particularly skull osteology (Wu 1994) . In contrast, molecular analyses vary as to the position of tuataras. Phylogenetic analysis of 6 nuclear protein-coding loci suggested clustering of tuataras with archosaurs (crocodilians and birds) or turtles, rather than with squamates (Hedges and Poling 1999) , whereas analysis of small and large mitochondrial ribosomal genes united tuatara and a lizard representative (Zardoya and Meyer 1998) . The validity of these molecular analyses, however, has been questioned (Lee 2001) . A recent analysis of complete mitochondrial genomes placed the tuatara as sister group to squamate representatives, consistent with morphological data (Rest et al. 2003) . Overall, sphenodontids are probably one of the most phylogenetically distinct vertebrate lineages (Daugherty et al. 1990) .
Bacterial artificial chromosome (BAC)/P1 artificial chromosome libraries have been constructed for many taxa in the tree of life, such as human (Ioannou et al. 1994) , mammals (Cai et al. 1995) , birds (Zimmer and Gibbin 1997) , fishes (Amemiya et al. 2001) , insects (Hong et al. 2003) , plants (Woo et al. 1994) , and bacteria (Zhu et al. 1997) . However, there are no published BAC libraries available from reptiles other than birds so far (although a library from a Western Fence Lizard, Uta stansburniana, is listed on the website of the National Human Genome Research Institute). We have generated a BAC library from a tuatara as part of a larger National Science Foundation project to construct BAC libraries from various key reptile lineages (Couzin 2002; Modi and Crews 2005) . These libraries, which include a garter snake (Thamnophis sirtalis), painted turtle (Chrysemys picta), American alligator (Alligator mississipiensis), Gila monster (Heloderma suspectum), and emu (Dromaius novaehollandiae) are available for use by the scientific community via the JointGenomeInstitute (http:// evogen.jgi.doe.gov/second_levels/BACs/Our_libraries.html).
BAC libraries from the Reptiliawill provide inroads to a large number of fundamental questions in phylogeny, genome evolution, and development. With the sequencing of the draft chicken genome (Hillier et al. 2004) , reptiles, and increasingly birds, are models for the evolution of sex chromosomes, genetic and temperature-dependent sex determination mechanisms, and genomes as a whole (Axelsson et al. 2005) . Reptiles exhibit a wide array of sex determination mechanisms and sex chromosome systems (Sarre et al. 2004) . Tuataras, as in many reptiles, exhibit temperature-dependent sex determination (TSD) (Cree, Thompson, and Daugherty 1995) . Tuatara eggs develop into 100% females at 18°C or below and there is a tendency to become males if embryos are exposed to warmer regimes during the temperature-sensitive period of gonadogenesis. The molecular mechanisms by which TSD are regulated in tuataras are totally unknown, although in crocodiles, which are also characterized by TSD, specific genes known to be involved in mammalian sex determination also appear to be involved (Western et al. 2000) . In general, however, TSD is poorly characterized compared with the much better understood genetic mechanisms of sex determination of mammals and, increasingly, birds (Smith and Sinclair 2004) . Thus, a tuatara BAC library will also facilitate the cloning of sex-determining and -differentiating genes and elucidation of their functions, homologies, and involvement in sex chromosome evolution.
DMRT1 (doublesex male abnormal-3-related transcription factor-1), a novel member of a family of genes possessing highly conserved sequences with an unusual zinc finger DNA binding (DM) domain, was found to exhibit sex-specific dimorphism in expression in amniote species (Smith et al. 1999) and to have a male sex-determining role in both vertebrates and invertebrates (Smith et al. 1999; Matsuda et al. 2002) . In eutherian and marsupial mammals, a dominant Y-specific sex-determining gene called Sry has been identified in directing sexual differentiation toward the male pathway (Marshall Graves 2002) . Before the discovery of the DMRT1 gene, no equivalent to Sry had been identified in nonmammalian vertebrates, including reptiles with TSD. Seven DM domain genes have been identified in the human and mouse genomes (Ottolenghi et al. 2002) , between 6 and 8 in the platyfish genome (Veith et al. 2003) , and at least 12 in Caenorhabditis elegans (Zarkower 2002) , the individual functions of which are not clear. Because of its conservation throughout animals, DMRT1 provides both an appropriate probe for examining the quality of our large-insert library and an entry point into examining the basis of sex determination in the tuatara. For this reason, we have conducted a preliminary analysis of DMRT genes, the family to which DMRT1, a candidate sex-determining gene, belongs (Haag and Doty 2005) . The construction of BAC libraries from Reptilia will fill a major gap in the resources available for understanding vertebrate genome evolution and will pave the way for transferring many of the large-scale approaches to biology and bioinformatics to these nonmodel species. In this paper, we describe the BAC library we have constructed from S. punctatus and the preliminary efforts to characterize its genome and gene content.
Materials and Methods

BAC Library Construction
A blood sample from a male tuatara (ID number 927477) was kindly provided by the Dallas Zoo. BAC library construction procedures were performed following methods previously described (Amemiya et al. 1996) with some modification. Briefly, nucleated erythrocytes were washed and collected by centrifugation. Based on cell numbers observed under low magnification and the tuatara genome size estimate from the literature (Olmo 1981) , multiple Bio-Rad plug molds were embedded with cells containing an estimated 10 lg genomic DNA per 80 ll plug using 1% Incert agarose (FMC corporation). All processing of high molecular weight DNA was done in situ in the agarose plugs. Before starting partial digestion, a brief pulsed-field gel electrophoresis (PFGE) step was carried out using a CHEF-Mapper (Bio-Rad, Hercules, CA) so as to remove small, presumably sheared DNA molecules and impurities from the plugs. A series of EcoRI partial digestions were carried out on the embedded DNA using EcoRI methylase as competitor. Once the optimal conditions for restriction digestion were determined, scaled-up partial digests were set up in 500 ll volumes. Partially digested DNAs were electrophoresed using preparative PFGE in a CHEF-Mapper, and appropriate size fractions (100-350 kb) were taken and further analyzed by analytical PFGE in a CHEF-DRIII apparatus (Bio-Rad, Hercules, CA). DNAs were recovered from the gel slices into dialysis bags via electroelution (Strong et al. 1997) . Quantified eluted DNAs were used immediately for subsequent BAC ligation procedures.
Linearized, dephosphorylated, and highly purified CopyControl pCC1BAC TM cloning-ready vector (EcoRI) (Epicentre Inc., Madison, WI) was used for ligations. Pilot-scale tests for ligation, drop-dialysis, and electrotransformation of Escherichia coli cells were performed based on previously published protocols (Amemiya et al. 1996; Osoegawa et al. 1998 ). Prior to transformation, the ligation volumes were reduced to about 20 ll by a drop-dialysis approach. Once the optimal combination of transformation efficiency and insert clone size was empirically determined, large-scale ligations and transformations were performed following the same conditions. Picking of colonies from agar plates to the 384-well microtiter plates was carried out by a robotics colony picker (CP 1000, Norgren Systems, Fairlea, WV). BAC library replication and high-density colony filter spotting were performed with a TAS-BioGrid replicator/spotter (BioRobotics).
Characterization of the Library
To analyze the sizes of cloned insert DNA fragments, 189 randomly selected BAC clone DNAs were isolated by a manual Journal of Heredity 2006:97(6) miniprep method, digested with the rare cleaving endonuclease, NotI, and analyzed by PFGE. The insert sizes were estimated by comparison with low-range pulsed-field gel markers (New England Biolabs, Ipswich, MA) run in parallel on the same gels. We calculated the probability (P) of finding any sequence in the library by the formula N 5 ln(1 À P)/ ln(1 À I/GS) (Clarke and Carbon 1976) , where N is the number of clones, I is the average insert size, and GS is the haploid genome size in base pairs. The level of genome coverage was estimated by the formula W 5 NI/GS (Paterson 1996) .
Sequence Survey
As a check for library quality, 96 clones were chosen at random and subjected to fluorescent dideoxy sequencing of both insert ends (Zhao et al. 2001) . Raw sequence reads were edited to remove cloning vector sequence and to retain only high-quality bases as judged by analysis using Phred/Phrap/Consed, TraceTuner from Paracel, and locally written Perl scripts as described in Zhao et al. (2001) . The sequences were analyzed using RepeatMasker version 3.0.16 (Smit et al. 2004 ).
Analysis of DMRT Genes
The conserved DM domains of DMRT genes were amplified from tuatara genomic DNAs by polymerase chain reaction (PCR) using the following degenerate oligonucleotide primers, employing previously published PCR conditions (Raymond et al. 1999; Huang et al. 2002) . CR65 F: TGC GC(ACG) (CA)G(AG) TGC (CA)G(AG) AAC CAC GG; CR67 F: TGC GC(ACG) (CA)G(AG) TGC (CA)G(AG) AAT CAC GG; CR69 R: C(GT)(CG) AG(CG) GC(CG) ACC TG(CG) GCA GCC AT; CR70 R: C(GT)(CG) AG(CG) GC(CG) ACC TG(CG) GCC GCC AT; CR71 R: C(GT)(CG) AG(CG) GC(CG) ACC TG(CG) GCG GCC AT; CR72 R: C(GT)(CG) AG(CG) GC(CG) ACC TG(CG) GCT GCC AT. PCR products were purified by QIAquick Gel Extraction Kit (Qiagen, CA) and transformed into TA vector via TOPO cloning kit (Invitrogen, Carlsbad, CA). Their sequences were determined by Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer, Foster City, CA) on an ABI 377 automated sequencer. After database searching against GenBank using BLAST (Altschul et al. 1997) , 3 clones were identified as DMRT2 DM domains, which were used as probes to screen tuatara BAC filters. The highly conserved DMRT1 noncoding regions B and C were also amplified from tuatara genomic DNAs as described using primers B and C (Brunner et al. 2001 ) and characterized as above to prepare as probes. The DNA sequences have been deposited in GenBank (DQ984183ÀDQ984186).
Probes were labeled with 32 P by using a Redi-Prime kit (Amersham Life Science, Piscataway, NJ). Hybridization and washing were performed at 65°C as described in Woo et al. (1994) . Positive clones identified by colony hybridization were digested with EcoRI and analyzed on 1% agarose gels prior to blotting on Hybond Nþ membrane. DMRT domaincontaining clones were confirmed by hybridization with the same DMRT probes used in library screening and by PCR/ sequence analysis using the primers above. A modification of an agarose gel-based fingerprinting methodology was employed to construct BAC clone contigs using HindIII and BamHI (Marra et al. 1997) . Contigs were assembled using the contigs built with fingerprints program (Marra et al. 1997) with a tolerance of 3 and cutoff of e À22 . The contig was visualized by Internet Contig Explorer software (Fjell et al. 2003) .
DNA sequences of the noncoding B and C regions of DMRT1 and DM domain of DMRT2 amplified from tuatara genomic DNA and isolated BAC clones were aligned with those from additional species using ClustalW (Pillai et al. 2005) . To determine the phylogenetic relationships of these sequences, a Bayesian analysis was performed using MrBayes version 3.0b4 (Huelsenbeck and Ronquist 2001) . For each of the 3 regions, a 2-parameter model of nucleotide substitution in which all transitions and transversions have distinct rates (Kimura 1980 ) was used in combination with a gamma distribution of rates among sites. Two million cycles were conducted with a burn-in of 100 000 cycles.
Results
BAC Library Construction and Characterization
The Sphenodon BAC library consists of 215 424 clones which have been arrayed into 561 384-well microtiter plates. Replicas of the library were subsequently made from the original copy, and the entire library was gridded on to 12 high-density nylon filters (22 Â 22 cm 2 , 48 plates per filter) for hybridization screening. The average insert size determined by PFGE analysis of 189 randomly selected clones digested with the 8-bp recognition endonuclease, NotI, was estimated to be 145 kb with 88% of inserts larger than 100 kb (Figure 1a) . A subset of 24 digested clones is presented in Figure 1b . The percentage of clones without inserts was empirically determined to be 1%. Based on the tuatara's 1C genome size of 5.0 pg (Olmo 1981) , we estimated the coverage of the library to be around 6.3 genome equivalents. This coverage theoretically provides a 99.8% probability of obtaining any unique sequence in this library, assuming random cloning (Clarke and Carbon 1976) . Interestingly, internal NotI sites were observed in 90.4% of clones, and on average each insert had ;2.8 NotI sites, or about ;1 NotI site for every52 kb in the tuatara genome. The frequency of NotI sites (GC^GGCCGC) observed in this library is higher than that would occur by chance for an 8-bp recognition enzyme (once every 64 kb) and may be a consequence of a high G þ C content observed in this species and/or a high density of CpG islands (see below) (Amemiya et al. 2001 ).
Sequence Survey
Our single-pass BAC-end sequencing survey of 96 clones yielded a total of 169 sequence reads and 121 420 bp of edited, high-quality sequence. This survey corroborated the results of the NotI analysis by uncovering an overall GC content of 46.8%, practically the highest reported for any vertebrate to date (Belle et al. 2004 RepeatMasker, we discovered a total of 48 LINE LI, L2, or RTE elements (e À10 ) comprising 6340 bp (5.2%) of the sequence, indicating somewhat higher sensitivity in retroelement detection using amino acids over nucleotides.
BAC-Based Contig of DM-Containing Region
Several lines of evidence suggest that DMRT genes are candidate sex determination genes in vertebrates . Because of its conservation throughout animals, DMRT provides both an appropriate probe for examining the quality of our large-insert library and an entry point into examining the basis of sex determination in the tuatara. The DM domain of the DMRT2 gene, as well as the noncoding regions B and C of DMRT1, were amplified with tuatara genomic DNA as template, subcloned, and verified by sequencing. The BAC library was screened by a probe mix of noncoding B and C regions of DMRT1 and the DM domain of DMRT2. Potential positive clones were identified. DNAs from these clones were prepared and digested to completion with EcoRI. Three identical filters of electrophoresed clones were blotted and hybridized with the 3 respective probes (Figure 2) . Twenty-one clones were positive for the B probe, 2 clones were positive for the C probe, and 11 clones were positive for the DM probe. Two clones (150B6 and 497H14) were positive for all 3 probes. To further validate the identity of these clones, PCR was carried out for these regions using the recombinant BAC clones as templates, and products were subsequently sequenced. All the DMRT1 noncoding B and C positive clones were confirmed in this way. However, for reasons that are unclear, the PCR amplifications from DM domain-positive clones were problematic, and we were unable to verify the identity via DNA sequencing. Nonetheless, restriction fingerprinting (Figure 3) showed that 10 of these BAC clones encompassed the same genomic region, suggesting that these DM-positive clones are linked to those bearing B and C regions. Because DMRT genes are linked as DMRT1-DMRT3-DMRT2 in all vertebrates examined thus far, it is likely that all 3 DMRT genes are present on this contig, which spans about 300 kb. Alternatively, we may have identified a duplicated cassette of B and C regions in the tuatara genome. Phylogenetic analysis of the B and C regions and DM region amplified from genomic DNA (Figure 4) confirms the homology of the probe and genomic sequences to the DM family, and, in the case of the DM region, to DMRT2. The tuatara DMRT1 DM domain does not appear in the DM tree because it was not successfully amplified from tuatara. A similar picture was obtained via analysis of the DM region using amino acid sequences, the substitution model of Jones et al. (1992) , and a gamma distribution of rates among sites (not shown). Figure 4 . Top, Bayesian phylogenetic tree of B region sequences (DMRT1) from tuatara and other vertebrates. The tree was rooted with the fish orthologs serving as out-group. The numbers are posterior probability values. The sequence length for B region of Sphenodon is 212 bp. The tuatara DMRT1 DM domain does not appear in the DM tree because it was not successfully amplified from tuatara. Bottom, phylogenetic trees of DM domains from tuatara and other vertebrates. Numbers indicate posterior probability values higher than 70%. The DNA sequence length is 170 bp for Sphenodon TM8 and 141 bp for Sphenodon TM38.
Discussion
We have described the construction and characterization of a BAC library from a tuatara, a species of ''extraordinary biological interest'' as the most distinctive surviving reptilian genus in the world (Groombridge 1982) . Although the tuatara's genome size is more than 40% larger than that of the human (Olmo 1981) , the quality of this library appears comparable to that of BAC libraries made from many other vertebrates. Our sequence survey and DMRT hybridization/ contig analysis are the first of its kind for a nonavian reptile. Draft genome sequences are now available for several vertebrates: human, chimp, monkey, mouse, rat, cow, dog, zebrafish, 2 puffer fishes, (Fugu rubripes and Tetraodon nigroviridis), Xenopus, and chicken (see http://www.ensembl.org/). The availability of this and other reptile BAC libraries will provide a foundation for future comparative genomics of nonavian reptiles and amniotes generally.
The physiology and natural history of tuataras suggest that their genome may possess a number of derived features. Their basal metabolic rates are extraordinarily low for a reptile (Gans 1983) , and this may underlie the large genome size of this species because metabolic rate is known to be inversely correlated with genome size in diverse vertebrates (Waltari and Edwards 2002) . Our sequence survey of ;121 kb suggests that the level of detection of SINEs at the nucleotide level is almost certainly a gross underestimate, whereas our encounter rate (5.2%) of LINEs at the protein level at high stringency is very similar to 1.5 Mb survey of tuatara sequence (5.8%) performed by Shedlock (2006) . We are surprised that the encounter rate for retroelements is not greater, given that roughly 5-15% of the chicken genome is comprised of interspersed repeats (Consortium ICG 2004) . Our finding of a CR1-like LINE element represents a phylogenetic extension of this repeat class from what is already known in birds, turtles, lizards, and snakes (Vandergon and Reitman 1994; Kajikawa et al. 1997; Wicker et al. 2005) . We predict that more in-depth searches for repetitive elements and comparisons with a phylogenetically wider sample of retroelements will uncover considerably more diversity.
The high GC content that was revealed by our sequence survey and from the NotI analysis of individual clone may also represent a derived condition. Hughes et al. (1999) conducted a comprehensive survey of GC contents in reptiles using the technique of CsCl buoyant density gradients and found that crocodilians, turtles, and some snakes have relatively high GC contents (41-43%), whereas many more snakes have lower GC contents (38-41%). Birds also seem to have relatively low GC contents, except in the most GC-rich isochores, which are more extreme than in many ectotherms (Kadi et al. 1993) . Furthermore, the GC content of DNA sequence is chromosomal size dependent, a unique phenomenon to sauropsides whose karyotypes consist of macrochromosomes and microchromosomes. Turtle cDNA mapping revealed that microchromosomes tend to contain more GC-rich genes than GC-poor genes (Kuraku et al. 2006) . Like genome size, GC content in amniotes seems to have undergone multiple convergent trends, both increases and decreases.
We have constructed a BAC contig in tuatara that encompasses the DMRT1 and DMRT2 region. DMRT genes are linked in the order, DMRT1-DMRT3-DMRT2, in all vertebrates so far examined, with the possible exception of the chicken where DMRT2 has been difficult to identify. Our preliminary analysis indicates that all 3 DMRT genes are localized to the region encompassed by the BAC contig. Reptiles, including the tuatara, are ideal GSD/TSD models, and their genomic analyses will shed light on sex determination mechanisms and their evolution in all vertebrates (Sarre et al. 2004) .
In addition to their applications in genome sequencing, physical mapping, and positional cloning, BAC libraries may have also important roles in conservative genetics. This has special importance for endangered species such as the tuatara, which is in danger of becoming extirpated in its native New Zealand (Cree, Daugherty, and Hay 1995) . Despite absolute protection of the species and its island habitats, 25% of known populations have become extinct in the past century (Daugherty et al. 1992) . Although the total number of surviving tuataras is estimated at around 55 000 (Gaze 2001) , many populations are still considered highly susceptible to disturbance and environmental change. It will be a sorry day when we must resort to a BAC library to save species such as tuatara; nonetheless, such genomic resources may well play a role in maintaining species numbers and developing molecular markers for species management.
